Streptococcus pneumoniae (Spn) is an asymptomatic colonizer of the human nasopharynx 25 but can also cause invasive diseases in the inner ear, meninges, lung and blood. Although various 26 mechanisms contribute to the effective clearance of Spn, opsonophagocytosis by neutrophils is 27 perhaps most critical. Upon phagocytosis, Spn is exposed to various degradative molecules, 28 including a family of neutrophil serine proteases (NSPs) that are stored within intracellular 29 granules. Despite the critical importance of NSPs in killing Spn, the bacterial proteins that are 30 degraded by NSPs leading to Spn death are still unknown. In this report, we identify a 90kDa 31 protein in a purified cell wall (CW) preparation, aminopeptidase N (PepN) that is degraded by 32 the NSP, neutrophil elastase (NE). Since PepN lacked a canonical signal sequence or LPxTG 33 motif, we created a mutant expressing a FLAG tagged version of the protein and confirmed its 34 localization to the CW compartment. We determined that not only is PepN a bona fide CW 35 protein, but also is a substrate of NE in the context of intact Spn cells. Furthermore, in 36 comparison to wild-type TIGR4 Spn, a mutant strain lacking PepN demonstrated a significant 37 hyper-resistance phenotype in vitro in the presence of purified NE as well as in 38 opsonophagocytic assays with purified human neutrophils ex vivo. Taken together, this is the 39 first study to demonstrate that PepN is a CW-localized protein and a substrate of NE that 40 contributes to the effective killing of Spn by NSPs and human neutrophils. 41 42 43 44 45 46 3 IMPORTANCE 47 Neutrophils are innate immune cells needed to effectively clear Streptococcus 48 pneumoniae (Spn). Neutrophil serine proteases (NSPs) are important for killing phagocytosed 49 Spn, however, the identity of the Spn proteins that are degraded by NSPs are unknown. This 50 study identifies a Spn cell wall protein, aminopeptidase N (PepN) that is degraded by the NSP, 51 neutrophil elastase (NE). We demonstrate that PepN is a bona fide cell wall protein and mutants 52 lacking PepN are significantly more resistant than wild-type to killing by purified NE and human 53 neutrophils. This study demonstrates that PepN is a NE substrate and its degradation contributes 54 to effective Spn killing. By better understanding how neutrophils kill Spn, we aim to inform the 55 development of improved therapeutic interventions.
INTRODUCTION 70
Streptococcus pneumoniae (Spn) is a Gram-positive bacterium that is a frequent, 71 asymptomatic colonizer of the human upper respiratory tract. However, if it gains access to 72 sterile sites in the human host, such as the lungs, inner ear, meninges or blood, it can cause a 73 variety of invasive diseases including pneumonia, otitis media, meningitis and sepsis, 74 respectively [1] [2] [3] [4] . Due to these invasive infections, about 1 million children per year under the 75 age of five die, mostly in the developing world where access to healthcare is limited [5] . 76
Neutrophils are the most abundant white blood cell in the body and are often the first immune 77 cell type to migrate to the site of infection [6, 7] . Neutrophils play a critical role in the effective 78 clearance of Spn via the process of opsonophagocytic killing. This multi-step process involves 79 the tagging of Spn cells with complement proteins and subsequent internalization and 80 degradation through the action of various factors including reactive oxygen and nitrogen species, 81 antimicrobial peptides and a family of enzymes contained within the azurophilic granules, 82 neutrophil serine proteases (NSPs) [8] . Of this repertoire of anti-microbial factors, previous work 83 demonstrated that NSPs are the most important component for effectively killing Spn in vitro [9] 84 and play a vital, protective role in murine models of pneumococcal pneumonia [10] . 85 Furthermore, in individuals with Chediak-Higashi syndrome, a rare genetic disorder that impairs 86 the mobilization of NSP-containing granules [11] , neutrophils exhibited a reduced ability to kill 87
Spn [12] . 88
To date, four enzymes have been identified as members of the NSP family, neutrophil 89 elastase (NE), cathepsin G (CG), proteinase 3 (PR3) and neutrophil serine protease 4 (NSP4) 90 [13, 14] . NSPs are members of the chymotrypsin family of serine proteases and contain a His-91
Asp-Ser catalytic triad [14, 15] . NSPs become enzymatically active when granule-containing 92 NSPs fuse with the phagocytic compartment and can also be exocytosed as a component of 93 neutrophil extracellular traps (NETs) to combat extracellular pathogens [16, 17] . Several studies 94 revealed that NSPs can reduce bacterial pathogenicity by destroying virulence factors produced 95 by a range of pathogens, including: Shigella flexneri, Salmonella enterica serovar Typhimurium, 96
Yersinia enterocolitica and Staphylococcus aureus [18, 19] . In addition, NSPs have been shown 97 to directly kill Pseudomonas aeruginosa, Escherichia coli and Klebsiella pneumoniae [20] [21] [22] [23] . 98
Specifically, in E. coli, it was revealed that NE degrades OmpA, which destabilized the cell and 99 induced cell death [20, 21] . Additionally, NE-mediated degradation of OprF, a major outer 100 membrane protein in P. aeruginosa, was demonstrated to be necessary for effective immune 101 defense in a mouse model of lung infection [22] . These findings emphasize the importance of 102 NSPs in anti-microbial defenses and that they achieve this, in part, by degrading specific 103 bacterial proteins. Despite the importance of NSPs in controlling Spn infection [9, 10], the exact 104 surface proteins on this pathogen that are degraded by NSPs leading to Spn death have yet to be 105
identified. 106
In this study, we aimed to identify specific cell wall (CW)-localized Spn proteins that are 107 degraded by NE and/or CG, since these two NSPs were shown to be important for killing Spn 108 both in vitro and in vivo [9, 10] . In experiments using a purified CW preparation, we identified a 109 ~90kDa protein that was specifically and significantly degraded by purified NE. Analysis by 110 mass spectrometry revealed this protein to be aminopeptidase N (PepN), an annotated 111 metalloproteinase predicted to cleave a variety of peptides from the N-terminus [ 
MATERIALS AND METHODS 139
Bacterial strains, growth conditions and growth curves. S. pneumoniae strain TIGR4 140 (serotype 4) was used throughout this study. S. pneumoniae was grown in Todd-Hewitt broth 141 (BD) supplemented with 0.5% yeast extract (Fisher) (THY) and oxyrase (5L/mL) or trypticase 142 soy broth (TSB) (BD) supplemented with catalase (Sigma; 30U/mL). Alternatively, bacteria 143 were grown on tryptic soy agar (TSA) supplemented with 200U/mL of catalase. Where 144 appropriate during growth, antibiotics at the following concentrations were included: 145 chloramphenicol (Cm; 4g/mL) or streptomycin (Sm; 100g/mL). All cells were grown at 37°C 146 in a 5% CO2 incubator. 147
For growth curve experiments, strains of interest were grown to mid-log phase (OD600 148 ~0.6) in THY supplemented with oxyrase and then back-diluted to an OD600 ~0.003 in fresh 149 media. Next, 200L of cells were added to 96 well flat bottom plates in replicates of 8 wells per 150 strain and were incubated at 37°C for 12h. OD600 measurements were taken every 30 minutes 151 using a VersaMax plate reader. 152 153 Generation of mutant strains. All mutant strains of S. pneumoniae used in this study are 154 described in Table 1 and were generated by allelic exchange using the DNA constructs shown in 155 To make the PepNFLAG tag and the 159 pepNRevertant strains, we performed co-transformation with the mutant rpsL allele (Sm r ) and 160 the corresponding DNA construct to introduce a FLAG epitope directly upstream of the stop 161 8 codon or restore the pepN gene ( Figure 1A ) [27, 28] . Transformation of S. pneumoniae was 162 performed as previously described [29] . All mutations were confirmed by PCR and Sanger 163 sequencing (Eton Biosciences). 164 165 Sub-cellular fractionation of S. pneumoniae. To isolate purified cell walls and protoplasts, we 166 followed an established protocol as described previously [30] , with some modifications. Briefly, 167 10mL of mid-log cultures (OD600 ~0.6) were pelleted, washed once with 1mL 50 mM Tris-Cl, 168 pH 7.5 and resuspended in 100 μL of cell wall digestion buffer (CWDB) containing 50 mM Tris-169
Cl, pH 7.5, 30% (w/v) sucrose, 1 mg/mL lysozyme, 300 U/μL mutanolysin (both Sigma-170 Aldrich), 1x protease inhibitor cocktail (Roche). Cells were incubated for at least 2 h at 37°C 171 with rotation. Whole cell lysates (WCL) were prepared by directly adding SDS buffer to samples 172 and boiling them for 10 mins at 100°C. For protoplast and cell wall (CW), samples were 173 centrifuged at 13,000 x g for 10 min. The supernatant, containing the CW, was applied to SpinX 174 0.22m spin columns (Sigma) and centrifuged for 1 min at 13,000 x g to remove any 175 contaminating protoplasts. The pellet, containing the protoplasts, was resuspended in 100L 176 50mM Tris-Cl pH 7.5. Samples were stored at -20°C until further use. 177 178 Capsule immunodot blot assays. To quantify the amount of capsule present in wild-type 179 TIGR4 and pepN mutant strains, 1 ml of OD600-matched mid-exponential-growth-phase 180 bacteria was pelleted and stored at −20°C until use. Samples were resuspended in 300 μl of 181 CWDB, described above, and incubated at 37°C for 30 min. Samples were then sonicated for 4 -182 10 second intervals while on ice using a probe sonic dismembrator (Fischer Scientific). Next, a 183 2-fold serial dilution of lysate was prepared in 1X PBS, and 5 μl was spotted on 0.2-μm-pore-184 9 size nitrocellulose membranes (Invitrogen, Inc.) with suction. Membranes were blocked with 185 10mL of 5% milk in 1X TBS with 0.1% Tween-20 (TBST) for 1 h at room temperature with 186 shaking, then washed 1X with 10mL 1X TBST for 5 min. The membrane was then probed with 187 an unconjugated rabbit anti-serotype 4 serum (Statens Serum Institut; 1:1000) in 5mL of 2.5% 188 milk in 1X TBST for 1h at room temperature with shaking. After 3-5 min washes with 15mL 1X 189 TBST, an HRP-conjugated goat-anti-rabbit secondary antibody (1:2500, Jackson 190
ImmunoResearch) was applied to the membrane in 5mL of 2.5% milk in 1X TBST for 1h at 191 room temperature with shaking. Finally, the membrane was washed 3X with 10mL 1X TBST, 192 developed using ECL Blotting Substrate (Thermo Scientific), visualized using the C-Digit 193
Western Blot Scanner, and quantified using ImageStudioLite (LI-COR Biosciences). the appropriate bacterial strains. Equal volumes of samples were analyzed via SDS-PAGE as 207 described above, proteins were transferred to a nitrocellulose membrane (ThermoFisher) at 22V 208 for 18h at 4°C and blocked for 1 h at room temperature with 5% skim milk in 1X PBS with 0.2% 209 Tween-20 (PBST). Unconjugated primary mouse anti-FLAG antibody (Sigma-Aldrich) at 210 1:3,000 and rabbit anti-CodY serum (a generous gift from Dr. A. L. Sonenshein) at 1:10,000 211 diluted in 2.5% milk in 1X PBST were added to membranes and incubated for 1 h at room 212 temperature with agitation. Membranes were then washed 3X with 10mL 1X PBST for 5 mins 213 each. HRP-conjugated secondary antibodies (Jackson ImmunoResearch) were applied at a 214 1:10,000 dilution in 2.5% milk in 1X PBST and incubated for 1 h at room temperature, followed 215 by three 45 min washes in 10mL 1X PBST. Membranes were then developed with SuperSignal 216
West Dura Extended Duration Substrate (ThermoFisher). 217
218
In vitro bactericidal and PepN degradation assays with neutrophil elastase. Wild-type and 219 mutant strains of S. pneumoniae were grown to early-exponential phase (OD600 ~0.3) in TSB 220 supplemented with catalase, pelleted by centrifugation, washed in sterile 1X PBS, and 221 resuspended in 10 µM sterile sodium phosphate reaction buffer to a concentration of ~10 7 222 CFU/mL. 50L of cells were exposed to a two-fold dilution series of NE ranging from 3.4 -223 13.6µM and incubated for 1h at 37 o C with 5% CO2. To determine viable counts, cells were then 224 serially diluted, plated on TSA and incubated overnight at 37 o C with 5% CO2. 225
To assess whether PepN is degraded by NE in the context of an intact Spn cell, ~5 x 10 6 226 CFU were exposed to 6.8M NE, or left untreated, for 1h at 37 o C with 5% CO2, followed by the 227 isolation of CW and WCL fractions as described above. Samples were then subjected to SDS-228 PAGE and Western Blot analysis using anti-FLAG or anti-CodY antibodies. Data were compiled 229 from at least three independent experiments. 230
Ex vivo neutrophil opsonophagocytic killing assay. Young, healthy human volunteers were 231 recruited in accordance to Tufts Medical Center Human Investigation Review Board (IRB) and 232 signed informed consent forms. Individuals taking medication, reporting symptoms of infection 233 within the last 2 weeks or that were pregnant were excluded from the study. Whole blood was 234 obtained and anticoagulated with acid citrate/dextrose. PMNs were isolated using a 2% gelatin 235 sedimentation technique as previously described Although NSPs were demonstrated to be essential for the effective killing of Spn [9], the protein 257 targets that are degraded by these enzymes remains unknown. To identify Spn CW proteins that 258 are degraded by NSPs, CW was isolated from 10 8 mid-log bacteria and were incubated with 259 68M NE, 10M CG or left untreated. Samples were then evaluated using SDS-PAGE analysis 260 followed by staining with Coomassie blue. As depicted in Figure 2A , several bands (arrow 261 heads), most notably a 90kDa protein (black arrows), were absent only in the sample treated 262 with NE, but was clearly visible in both the untreated and CG-treated samples. In order to 263 determine the identity of this specific NE substrate, we excised the 90kDa band from the gel in 264 both the untreated and NE-treated samples for mass spectrometry analysis. This analysis 265 revealed that the 90kDa band was vastly comprised of a single protein species (>90%), which is 266 reported as the "percent intensity" value in Figure 2B . Importantly, based on its amino acid 267 sequence, this protein was determined to be aminopeptidase N (PepN; SP_0797). Additionally, 268 by comparing the relative abundance of the PepN protein in the untreated versus NE-treated 269 samples, presented in Figure 2B as "Sum intensity", we observed that PepN was substantially 270 degraded, with up to a 10 4 -fold reduction in protein abundance. Furthermore, CW isolated from a 271 mutant strain of Spn that lacks PepN (pepN) did not possess the 90kDa band, confirming that 272 the vast majority of that band was comprised of PepN (Figure 2A) . Taken together, these data 273 demonstrate that PepN is a 90kDa protein found in a purified Spn CW preparation that is 274 specifically and markedly degraded by NE. 275 276 13
Characterization of PepN as a bona fide CW protein in Spn that is degraded by NE in vitro. 277
Based on its amino acid sequence, PepN is annotated as a member of the peptidase M1 family 278 and possesses an active site that is coordinated by three zinc binding sites ( Figure 1B) . However, 279 examination of the PepN amino acid sequence failed to reveal a canonical LPxTG motif, choline 280 binding domain, Sec secretion signal peptide, or any other characterized export signal [35] . 281
While it is not impossible for a protein lacking a classic export sequence to be secreted from the 282 cell, such as the Pht proteins and those described as non-classical surface proteins [35, 36] , this 283 prompted a more thorough investigation of the sub-cellular localization of PepN. To do so, we 284 generated a mutant strain of Spn via natural transformation using a DNA construct that added a 285 FLAG epitope immediately upstream of the stop codon ( Figure 1A; pepNFLAG) . For these 286 experiments, we prepared CW, protoplasts and whole cell lysates (WCL) from mid-exponential 287 phase TIGR4 and pepNFLAG cells and analyzed these fractions via Western Blotting using anti-288 FLAG or anti-CodY (a cytoplasmic protein) antibodies. As expected, CodY was detected only in 289 the protoplast and WCL fractions, and was completely absent in the CW samples, confirming 290 that this fraction was free of cytoplasmic contaminants (Figure 3) . Importantly, the PepNFLAG 291 protein was clearly detected in the both the WCL and CW fractions, with a fainter band present 292 in the protoplast sample (Figure 3) . Thus, these data suggest that despite the absence of a 293 canonical LPxTG motif, Sec-dependent signal peptide, as well as any known cell wall binding 294 motif, PepN indeed localizes to the CW compartment. 295
Neutrophil elastase degrades PepN in intact Spn cells. 296
To validate PepN as NE substrate and confirm that NE can degrade PepN in the context of native 297 cell wall architecture, we exposed ~5 x 10 6 wild-type or PepNFLAG cells to 6.8M NE, 298 followed by subcellular fractionation and Western Blot analysis using anti-FLAG or anti-CodY 299 antibodies. Again, the CodY signal was only present in the WCL samples and the intensity of 300 this band was unchanged in the presence of NE. Strikingly, analysis of the CW and WCL 301 fractions revealed a strong PepNFLAG signal in the untreated samples that was markedly 302 diminished upon exposure to NE (Figures 4A and B) . These data strongly suggest that in the 303 context of an intact Spn cell, PepN is a bona fide CW protein that is markedly degraded by NE. 304
305
The pepN mutant demonstrates enhanced resistance to killing by purified NE in vitro and 306 by human neutrophils ex vivo. 307
To assess the contribution of PepN to the effective killing of Spn in vitro, we generated a mutant 308 strain lacking this protein (pepN). To first characterize this mutant, we assessed its growth 309 kinetic phenotype, and determined that it was similar to that of wild-type TIGR4 (Figure 5A) . 310
Additionally, to ensure that removal of the cell wall protein PepN did not have an unexpected 311 impact on capsule level, a structure that was demonstrated to influence susceptibility to NSPs 312
[37], we quantified and compared capsule on wild-type and pepN cells. As shown in Figures 313 5B and C, while wild-type TIGR4 and pepN cells express significantly more capsule than the 314 acapsular control (cps), there was no significant difference between wild-type TIGR4 and the 315 pepN strain.
316
In subsequent experiments, we assessed the phenotype of the pepN strain in the 317 presence of various concentrations of purified NE. These data demonstrated that the pepN 318 mutant was significantly more resistant to NE-mediated killing as compared to wild-type TIGR4 319 (Figures 6A and B) . Importantly, as shown in Figure 6B , when we reverted the pepN mutant 320 (pepNRev) and exposed this strain to 3.4M purified NE, it exhibited a sensitive phenotype 321 similar to that of wild-type TIGR4. To test the pepN mutant in a more physiologically relevant setting, we determined its survival phenotype using an opsonophagocytic assay with purified 323 human neutrophils. These experiments revealed that, compared to wild-type Spn, the pepN 324 mutant was also significantly more resistant to phagocytic killing by human neutrophils (Figure  325   6C) . In fact, while wild-type TIGR4 was killed in the presence of PMNs, the pepN mutant was 326 not and displayed very slight growth ( Figure 6C) . Taken together, these data reveal that the 327 nonessential PepN protein is not only a substrate of NE, but also that its degradation plays an These initial experiments strongly suggest that PepN is a CW-localized protein that 383 serves as a substrate for NE. However, these conclusions were drawn from experiments using a 384 purified preparation of CW proteins, which may affect the abundance, diversity or availability of 385 substrates for NE-mediated degradation. More importantly, since the aim of this study was to 386 identify Spn proteins that not only were degraded by NSPs, but were also involved in NSP-387 mediated killing of Spn, we conducted additional experiments in a more physiologically relevant 388 system. Through experiments that exposed intact Spn cells expressing the FLAG-tagged version 389 of PepN to NE, we confirmed that PepN does indeed localize to the CW and it is markedly 390 degraded compared to untreated controls. Previous studies in E. coli and P. aeruginosa identified 391 the outer membrane proteins OmpA and OprF, respectively, as targets that are degraded by NE 392 that results in bacterial cell death [20, 22] . Both of these proteins are porins that contribute to 393 virulence and isogenic mutants lacking either OmpA or OprF in the respective strain 394 demonstrated enhanced resistance to NE-mediated killing in vitro and in relevant mouse models 395 of infection [20, 22, 42, 43] . To directly assess the contribution of PepN to NSP-mediated killing 396
of Spn cells, we created the pepN strain and confirmed that its growth rate was 397 indistinguishable from that of wild-type. Importantly, since capsule level was shown to impact 398 killing by NSPs [37], and it was feasible that the deletion of a CW-localized aminopeptidase 399 could affect the attachment of capsule to the cell, we quantified capsule on wild-type TIGR4 and 400 pepN cells. Data from these experiments and India Ink staining (data not shown), demonstrated 401 that both strains possess similar amounts of capsule. In vitro bactericidal assays that exposed 402 wild-type TIGR4 and pepN cells to purified NE revealed that cells lacking PepN were 403 significantly more resistant to killing. Additionally, pepN cells were significantly more resistant 404 to opsonophagocytic killing by whole human neutrophils ex vivo. Based on the observation that 405 pepN cells express wild-type levels of capsule, we speculate that the differential killing 406 phenotype is not attributed to variations in C3 deposition [44] [45] [46] , but rather due to the absence 407 of a bona fide NE substrate that is necessary for optimal killing of Spn once in the 408 phagolysosome. 409
The key observation from these experiments was that NE-mediated degradation of a non-410 essential CW protein, PepN, was sufficient to induce Spn killing. One possible explanation for 411 this observation is that degradation of PepN is sufficient to destabilize the cell envelope and 412 induce cell lysis. Alternatively, if PepN is attached, in some fashion, to peptidoglycan, teichoic 413 or lipotechoic acid, its degradation by NE may also damage these essential structures or impair 414 their turnover such that normal Spn growth is disrupted. Another potential explanation may be 415 that, via its aminopeptidase activity, PepN modifies other CW proteins and creates additional NE 416 substrates. Thus in PepN-sufficient Spn cells, not only is PepN directly degraded, but also the 417 modified CW proteins created via PepN aminopeptidase activity may also be degraded, which 418 together is enough to cause cell death. It would be possible to test this last hypothesis by creating 419 a mutant strain with an inactivated PepN catalytic site and assess its viability in the presence of 420 NE. These unanswered questions are beyond the scope of this current study, but emphasize the 421 need for future experiments. 422
The role of PepN in Spn biology and in the context of host infection is not well 423 understood. However, in other closely related species of Streptococcus, including S. 424 thermophilus, PepN is characterized as a 95kDa monomeric, metallo-aminopeptidase that 425 possesses three Zn 2+ binding sites that coordinates its active site [24, 40] . Based on its sequence 426 homology to other aminopeptidases, it is thought that PepN functions to degrade endogenous 427 proteins and contributes to normal protein turnover as well as to provide free amino acids to be 428 used for metabolic processes [40] . Interestingly, a recent study demonstrated that PepN present 429 in Spn lysates dampens the effector function of cytotoxic T lymphocyte by modulating the 430 intracellular TCR signaling cascade and ultimately dampens the production of the pro-431 inflammatory cytokine, IFN- [47]. Together with the findings in our study, these data begin to 432 reveal a previously underappreciated role for PepN in host-pathogen interactions and Spn disease 433 pathogenesis. In summary, this is the first report to identify a Spn protein, PepN, as a substrate 434 that is degraded by NE and that also plays a key role in NSP-mediated killing of Spn both in 435 vitro and ex vivo. Additionally, we determined that despite the absence of a canonical export 436 
